Design, Analysis and Additive Manufacturing of Porous Structures for Biocompatible Micro-Scale Scaffolds  by Podshivalov, Lev et al.
 Procedia CIRP  5 ( 2013 )  247 – 252 
2212-8271 ©  2013 The Authors. Published by Elsevier B.V.
Selection and/or peer-review under responsibility of Professor Mamoru Mitsuishi and Professor Paulo Bartolo
doi: 10.1016/j.procir.2013.01.049 
The First CIRP Conference on Biomanufacturing
Design, analysis and additive manufacturing of porous structures for 
biocompatible micro-scale scaffolds
Lev Podshivalovab*, Cynthia M. Gomesc, Andrea Zoccac, 
Jens Guensterc, Pinhas Bar-Yosephb, Anath Fischerb
aLaboratoire Jacques-Louis Lions, Université Pierre et Marie Curie, Paris 75000, France
bFaculty of Mechanical Engineering, Technion, Haifa 32000, Israel
cDivision of Ceramic Processing and Biomaterials, BAM Federal Institute for Materials Research and Testing, Berlin 12203, Germany
* Corresponding author. Tel.: +33-(0)1-44-27-91-54 fax: +33-(0)1- 44-27-72-00. E-mail address: podshivalov@ann.jussieu.fr
Abstract
Advancements in the fields of biocompatible materials, manufacturing processes, computational methods and medicine have led to
the emergence of a new field: micro-scale scaffolds for bone replacement and regeneration. Yet most such scaffolds produced today 
are characterized by very basic geometry, and their microstructure differs greatly from that of the actual tissue they are intended to 
replace. In this paper, we propose a novel approach for generating micro-scale scaffolds based on processing actual micro-CT
images and then reconstructing a highly accurate geometrical model. This model is manufactured by means of a state-of-the-art 3D
additive manufacturing process from biocompatible materials. At the micro-scale level, these scaffolds are very similar to the
original tissue, thus interfacing better with the surrounding tissue and facilitating more efficient rehabilitation for the patient.
Moreover, the approach facilitates the design and manufacture of patient-specific scaffolds which can copy patients' exact structural
and mechanical characteristics, taking into account their physical condition and medical history. By means of multi-resolution 
volumetric modeling methods, scaffold porosity can also be adapted according to specific mechanical requirements. The process of 
designing and manufacturing micro-scale scaffolds involves five major stages: (a) building a volumetric multi-resolution model
from micro-CT images; (b) generation of surface geometric model in STL format; (c) additive manufacturing of the scaffold;
(d) scaffold shape verification relative to the geometric design; and (e) verification of mechanical properties through finite element
analysis. In this research, all the proposed stages of the approach were tested. The input included micro-CT scans of porous ceramic 
structure, which is quite similar to commercial porous scaffolds. The results show that the proposed method is feasible for design 
and manufacture of micro-scale scaffolds.
© 2012 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Professor Mamoru Mitsuishi 
and Professor Paulo Bartolo
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1. Introduction
Micro-scale bone scaffold design is an emerging field
that aims to develop methods and tools that facilitate the 
design and manufacture of patient-specific tissue to
replace diseased and unhealthy tissues. The design and
manufacture of such scaffolds involves three basic
components: (a) 3D geometric model in STL format,
(b) manufacturing process that can reproduce micro-
scopic structural details, and (c) bio-materials that allow 
the scaffold implantation into a living environment.
State-of-the-art research in the field of tissue engineering
focuses mainly on selecting biodegradable and 
biocompatible materials and on bio-manufacturing
schemes for creating scaffolds that preserve the strength
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of the bone structure. Yet for the most part such 
scaffolds are characterized by very basic geometry, and 
their microstructure differs greatly from the structure of 
the actual tissue they are meant to replace. Since 
standard structures are characterized by a simple and 
often symmetric layout, they are not customized to a 
specific patient, type of bone or locality inside the bone. 
Most existing scaffolds are constructed from basic 
blocks that are packed together to achieve the necessary 
macro-scale volume [1-3]. Other methods incorporate 
finite element analysis for block structural optimization 
of each block [4] or of the entire structure [5-7]. Despite 
significant progress, neither of these methods generates 
scaffolds that are geometrically similar to actual bone 
micro-scale tissue. 
State-of-the-art additive manufacturing (AM) 
technologies using polymers and metals allow the 
manufacturing of highly complex structures at 
resolutions up to tens of microns [8]. With geometric 
files in STL format as input, it is virtually possible to 
reproduce any freeform model. Yet the fabrication of 
micro-scale models from ceramic or bioceramic 
materials produced by AM still presents a challenge due 
to the delicate features. Features located close together 
may be reproduced as a single feature without 
separation, which alters the designed topology. In other 
cases, reproduction of the model is precise, but removing 
the excessive material without damaging the fragile 
scaffold is difficult. Thus, the scaffold design process 
must take all these details and manufacturability 
limitations into consideration. 
Not only do the materials used for scaffold 
manufacturing need to be biocompatible, they also must 
be suitable for the AM process, for instance for 3D 
printing technology. This process involves transporting 
powder from the powder reservoir to the built platform, 
usually with no application of pressure or further 
densification. Hence, parameters such as flowability, 
granulate porosity or powder packing ratio that are 
related to powder printability are important and define 
the final green density of the parts, in turn influencing 
the final porosity of the implants [9]. Additionally, the 
mechanical properties of the chosen system must be 
similar to the original bone tissue and must be able to 
stimulate rapid bone growth and tissue regeneration. 
Over the last decade, the BAM - Federal Institute for 
Materials Research in Germany has been developing 
long-term, stable and surface-reactive biomaterials. In 
one of these systems, the crystalline-phased wollastonite 
and apatite can be crystallized after adequate heat 
treatment. Such phases are well-known for their bio-
compatibility and controllable degradation rates [10-12].      
This paper focuses on the design, manufacture and 
outcome verification of micro-scale scaffolds. The next 
section describes the approach, while Section 3 provides 
an example of micro-scale scaffold manufacturing based 
upon the approach. Section 4 summarizes the paper and 
describes future work.    
2. Approach 
The proposed approach is based on reconstruction of 
bone or bone-like structure from μCT images and on 
subsequent editing of the 3D model to achieve a 
manufacturable micro-scale scaffold. The following 
describes the main stages of the approach (Fig. 1). 
 Preprocessing of μCT images: The preprocessing 
stage involves segmenting the images to distinguish 
between bone tissue and other tissue present in the 
sample. Afterwards, the images are cleaned of the 
noise and other unnecessary artifacts through the 
application of 2D filters. This procedure may include 
curvature [13], bilateral [14] and Gaussian [15] 
filters. Other filters can also be applied depending on 
the desired outcome. For example, in this research the 
initial structure included inner voids that needed to be 
closed to insure structural integrity. Therefore, a 
circle filter convolution was added to this stage.  
 
Fig. 1: Approach for design and manufacture of micro-scale scaffold 
with additive manufacturing technology 
 3D Volumetric reconstruction: In this stage, the 3D 
volumetric model is constructed. This model consists 
of volumetric elements known as voxels. The voxel 
dimension can be set to equal the resolution of the 
images. Yet such a model may include hundreds of 
millions of voxels, thus requiring considerable 
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computational resources for processing. Therefore, it 
is recommended to resample 3D model, especially if 
the original resolution is higher than the Nyquist 
sampling frequency [15]. 
 Volumetric scaffold design: To facilitate volumetric 
scaffold editing, the 3D model is converted into a 
hierarchical model utilizing the Octree data 
structure [16]. This data structure is convenient for 
rapid transition between different levels of hierarchy 
and allows adaptive coarsening of the model. Moving 
between the hierarchy levels makes it possible to 
eliminate small details that are not structurally 
significant and to reinforce prominent features by 
changing the thickness of the structure as needed. At 
the end of this stage, the model is also checked for 3D 
connectivity by discarding small disconnected pieces. 
 Multiscale mechanical FEA: This stage involves 
verifying the mechanical properties of the structure, 
with the aim of detecting weak components that can 
lead to structural failure of the entire scaffold. In 
addition, the results may help optimize the scaffold 
by reinforcing load-bearing parts. The multiscale 
FEA method is used to compare models with 
different resolutions [17-18]. This method is based on 
hierarchical geometrical modeling that generates 
intermediate structural levels. Used in conjunction 
with a new method for estimating multiscale material 
properties, it provides reliable and efficient 
mechanical analysis and facilitates the adaptive 
application of mechanical analysis on large-scale high 
resolution models, such as micro-scale scaffolds.   
 3D scaffold model generation: After completion of 
the previous stages, the 3D volumetric model is 
converted into a surface representation. A 3D 
Gaussian filter is applied on the volumetric model to 
avoid a staircase-like surface. Then the Marching 
Cubes algorithm [19] with the predefined threshold 
value is applied on the volume. The surface is 
checked for the presence of any topological flaws 
such as small holes and detached parts, and is then 
repaired accordingly as part of the preprocessing. The 
surface model is saved in STL format, which is 
compatible with additive manufacturing. 
 STL model optimization: At this point, the surface 
model includes millions of faces, and due to its size 
may be impractical for 3D printing machines. 
Therefore, a mesh decimation algorithm needs to be 
applied to reduce the number of faces in the model. 
Nevertheless, such algorithms should preserve the 
main features of the scaffold and its volume. In this 
study, the number of faces was reduced by 25% prior 
to manufacturing the scaffold. 
 Additive manufacturing: Micro-scale scaffolds made 
of bioceramic material were manufactured using a 
commercial 3D printing machine [R1, ExOne, USA]. 
In a first step used to check the proposed approach, 
scaffolds were manufactured from a biocompatible 
non-resorbable polymeric blend based on 
polymethylmetacrylate and polyethylmetacrylate 
[PEMA/PMMA, Voxeljet, Germany] using a 
commercial printer [Test-stand VTS 16, voxeljet 
Technology Gmbh, Friedberg, Germany]. After a 
successful outcome, all the scaffolds were reprinted 
for additional analyses using a glass precursor from a 
long-term, stable, surface reactive bioceramic system, 
hereafter referred as AP40, which under adequate 
thermal treatment converts the material into 
wollastonite and apatite ceramics. 
 Scaffold geometry verification: For comparison with 
the designed model, the manufactured scaffold is 
rescanned using micro-CT technology. The 
comparison is per image, comparing the original and 
initial scans, and also visual, comparing two 3D 
surfaces. At this stage, this phase is manual. It will be 
automated as a part of future research.   
 Scaffold implantation: This stage was beyond the 
scope of this research and is mentioned here only for 
the sake of completeness. Nevertheless, for patient-
specific micro-scale scaffolds, the boundaries can be 
adapted at the design stage so as to facilitate seamless 
implantation into the existing environment [20]. 
3. Examples and performance analysis 
In this research, all stages of the proposed approach 
concerned with designing and manufacturing the 
scaffold were tested and verified. Bone-like sponge 
structures were used as a base for scaffold design. The 
so- -
been used in recent years for producing highly porous 
biocompatible structures, mainly due to the simple steps 
involved in the processing. In this way, a commercial 
polymeric sponge can be impregnated with a bio-
ceramic suspension and heated in the oven for organic 
burn out, remaining a porous ceramic matrix after the 
heat treatment [10]. The resulting structure has similar 
characteristics to those of the bone trabecular structure 
and thus is suitable for the current research. The final 
models were scanned using a BAM 225kV-microCT-
device. This device features an X-RAY WorX micro-
focus X-ray tube with 225kV acceleration voltage and a 
focal spot size of approximately 10μm. The detector is a 
flat-panel from PerkinElmer with 2048x2048 pixels at a 
pitch of 0.2mm. 
The set of micro-CT images included 612 slices, and 
the dimensions of each image were 454 x 412 pixels. 
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Therefore, the direct conversion of the images set into a 
volumetric model results in a volume consisting of 
almost 115 million voxels. To avoid computational 
challenges, each image was processed separately, and 
the result was saved as a black-and-white image. The 
original and processed images for a single slice are 
depicted in Fig. 2. As expected, during the preprocessing 
stage the inner gaps in the structure were filled.         
  
(a) (b) 
Fig. 2: Example of micro-CT image processing: (a) original micro-CT 
image and (b) segmented bone-like tissue  
The volumetric model was reconstructed from the 
processed images. Afterwards, the entire volume was 
resampled to reduce the number of voxels by a factor of 
two on each axis, producing a volumetric model with 14 
million voxels. As a result, the model resolution at this 
stage was reduced to 24 μm. The 3D model was then 
converted into a hierarchical multi-resolution 
representation to facilitate level-of-detail editing of the 
scaffold. The reconstructed 3D volumetric model used 
for scaffold design and the results of applying the Octree 
data structure on a volumetric 3D model are depicted in 
Fig. 3. For visualization purposes only, three consecutive 
structural levels of real bone micro-structure are shown. 
Using this method, two scaffold models with different 
resolutions were created. The first model has the original 
resolution (24 μm), while the second model is coarser by 
a factor of two (48 μm). The low resolution causes small 
voids to be closed and small features in the scaffold to 
be smoothed. 
Finite element analysis was used to verify the 
mechanical structural integrity of the designed scaffolds. 
The analysis assumed linear elastic behaviour of the 
scaffold and utilized trabecular bone material properties 
from the literature: Young Modulus  20 [GPa] and 
s on the bottom face 
of the model were restricted in all directions and uniaxial 
displacements were applied on the top face, thus creating 
the load along the longest axis of the scaffold. Analysis 
results are depicted in Fig. 4 show high stresses along 
the vertical line, as expected and low stresses in the 
horizontal branches of the scaffold. On the peripheral 
boundary the stresses are extremely low since no 
boundary conditions were applied. Symmetric boundary 
conditions can be applied instead, thus restricting 
movement of the scaffold in the radial direction as well.  
 
Fig. 3: Reconstructed 3D volumetric model and its hierarchical 
modelling for eliminating redundant details and structural 
optimization. Filled cells are shown in blue and empty cells in red.   
  
(a) (b) 
Fig. 4: Results of mechanical FEA in terms of von Mises stresses, 
where red regions refer to high stresses and blue regions to low 
stresses: (a) entire model and (b) cross-section of the model  
After the mechanical analysis is complete, the 
designed scaffold is almost ready for manufacturing.  At 
this point, a surface STL triangular mesh model is 
constructed from the volumetric 3D model. Next, the 
surface mesh is optimized for 3D printing by eliminating 
triangles whose area is below a predefined threshold and 
by unifying triangles that are located near one another 
without introducing structural error into the model. The 
outcome of this procedure is depicted in Fig. 5.  
Initially, scaffolds made from a polymeric 
biocompatible material were manufactured at the BAM 
at different levels of resolution. Since 3D printing 
resolution is currently limited to about 100 μm, for the 
sake of the feasibility testing it was decided to increase 
the scale of the designed scaffolds by a factor of eight. 
Thus, the dimensions of the manufactured models were 
H=65 mm and =40 mm. Both scaffolds, at the same 
orientation, are shown in Fig. 6. These scaffolds were 
scanned utilizing micro-CT technology, and the image 
sets were sent for comparison with the original design.  
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Fig. 5: Surface scaffold model in STL format and its optimization 
before additive manufacturing. The mesh density was decreased by 
25% to enable processing by the 3D printer software 
The comparison included four main tests: (a) visual 
comparison of the entire model, (b) comparison of 
selected cross-sections, (c) comparison between two 
scaffolds with different resolutions, and (d) verification 
of scaffold volume and porosity. A visual comparison of 
the designed and manufactured models is shown in Fig. 
7. These two models are quite similar, and the main 
features on the two surfaces are clearly visible. 
However, some voids appear to be filled with the 
material. It is possible that while the small detail regions 
were being printed, the solvent diffused into the 
excessive material that fills the voids. The removal of 
this excessive material could have damaged the model 
and thus was avoided in this work.  
Next, different cross-sections of the designed and 
manufactured models were compared. This was done 
manually by selecting the same cross-section on both 
models and rotating one of the models until similar 
features were aligned. An example for one pair of cross-
sections is given in Fig. 8(a-b). The results here are 
compatible with the conclusions drawn upon comparison 
of two surfaces. Due to the presence of excessive 
material, some features became interconnected, leading 
to closure of the voids. Despite this, it is evident that the 
main structural features were well preserved in the 
additive manufacturing process, especially taking into 
account the structural complexity of the models.  
The last visual comparison relates to verifying the 
multi-resolution modelling effect on two scaffolds.  
 
(a) (b) 
Fig. 6: Two manufactured micro-scale structure scaffolds utilizing 
multi-resolution modelling approach: (a) high resolution (24 μm), and 
(b) low resolution (48μm). In both cases, the resolution relates to the 
voxel size in the reconstructed volumetric model 
  
(a) (b) 
Fig. 7: Comparison between the designed (a) and manufactured (b) 
scaffold models. The manufactured model depicted here is a surface 
reconstruction from the micro-CT scans after additive manufacturing  
The same cross-sections taken from two models were 
compared, as depicted in Fig. 8(c-d). The prominent 
features have been preserved on the coarse model; 
however, some smaller details have been eliminated. A 
summary of the previous checks indicates that the 
coarser model was closer to the original design than the 
high resolution model. This is understandable, since the 
coarser model intentionally included fewer details. 
 Preserving the porosity of the scaffold in the 
manufacturing process is important since this is one of 
the main parameters in the design considerations. Table 
1 provides a quantitative comparison between the 
porosity of the designed and the manufactured scaffolds. 
The porosity was computed by finding the enclosed 
volume inside the surface model and subtracting it from 
the volume of the cylinder engulfing the scaffold. 
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(a) (b) (c) (d) 
Fig. 8: Comparison between cross-sections of designed (a) and manufactured (b) scaffold models; and comparison between high resolution (c) and 
low resolution (d) scaffold models  
For the reasons previously mentioned, the 
manufactured scaffolds were less porous compared to 
their design. This decrease in porosity was consistent for 
both scaffolds. Future research will focus on improving 
the design to allow easy removal of excessive material 
from the manufactured scaffolds. 
Table 1: Porosity comparison of designed and manufactured scaffolds 
Designed Manufactured 
High resolution 82% 71% 
Low resolution 75% 66% 
4. Summary and conclusions 
This paper described a new approach for micro-scale 
scaffold design to manufacture biocompatible ceramic 
scaffolds by indirect 3D printing. This approach aims at 
developing scaffold structures as similar as possible to 
the actual trabecular bone structure. Current results show 
that the proposed method is highly feasible and can 
serve as a basis for future research. Additional scaffolds 
manufactured from a bioceramic system have been 
printed and, after sintering and crystallization, will be 
subject to biological and mechanical characterization.  
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